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Abstract 
A coupling method between multiple-relaxation-time lattice Boltzmann method and finite volume method is used to 
simulate the 2D fouling process on a single row of tubes. The particle motion is simulated by the cellular automata 
model. The fluid flow and particle deposition process around the tubes is simulated by multiple-relaxation-time 
lattice Boltzmann method, while the downstream fluid flow is simulated by finite volume method to save the 
computational time. The restitution coefficient calculated by the energy balance and the critical impact angle are used 
as the criterions for particle deposition. The deposition processes for 5ȝm, 10ȝm particles with inlet velocity 5m/s 
and 10m/s are simulated with the method. The results show that the particle with small diameter and inlet velocity 
tends to deposit more rapidly. The vortices behind the tubes bring the particles back to the leeward side of the tube, 
and a concave shape of fouling continues growing on the entire leeward half of the tube. A cone shape fouling layer 
forms on the windward side of the tube. The cone shape changes the air flow and stops the deposition on the 
windward side. The proposed coupling method is suitable for the study of the fouling process on the tubes. 
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1. Introduction 
The fouling is a major problem for the heat transfer equipments. The particles in the flue gas will 
deposit on the heat transfer surfaces and reduce its heat transfer efficiency. In the design of the heat 
transfer equipment, fouling factor is often used to take into consideration the influence of the fouling. 
However, in order to study the fouling process in detail and give a better guidance to the design, the 
numerical simulation is needed.Many works on the numerical simulation of the particle deposition has 
been reported. Bouris et al. [1] have used the numerical method to study the deposition rate on various 
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shapes of the tubes.  Han et al. [2] added a user-defined function in FLUENT to study the particle 
deposition on the tube bundle heat exchangers. However, the shape of the fouling layer is not considered in 
their works. As for the growth of the fouling layer, Paz et al. [3] have developed a CFD model to simulate 
the fouling process in a single tube. Tomeczek et al. [4] also study the shape and size of the deposits with 
2D CFD modelling. However, the probabilistic models are used for the particle deposition processes, and 
the detailed mechanism of the particle collision and deposition is not considered. Recent years, the lattice 
Boltzmann method (LBM) is rapidly developed to simulate various fluid flows and heat transfer problems. 
Due to its particulate characteristic, LBM is a convenient method for complex boundary conditions. LBM 
has been used to study the solution of the solid phase, the crystal growth [5] and so on. Therefore, the LBM 
is used to study the particle deposition process in this work. The particle collision and deposition model is 
used to simulate the deposition process and the growth of the fouling layer is also simulated. 
2. Description of the numerical method 
In the present work, LBM is used in the near-tube region due to its flexibility in dealing with the 
complex boundary conditions. However, the LBM consumes more computational time than the finite 
volume method (FVM), so FVM should be used where the LBM is not necessary [6]. Therefore, the 
coupling method between LBM and FVM is adopted to simulate the fluid flow and heat transfer. 
Here the multiple-relaxation-time (MRT) LBM for incompressible flow is used for its better stability 
[7]. As for the FVM, the SIMPLE algorithm is used to solve the discretization equations [8]. One 
important problem is the information transfer between the two methods at the boundaries. A generalized 
operator for LBM has been given in Ref. [6] for the information transfer from FVM to LBM. More 
detailed descriptions about the coupling procedure can be found in Ref. [6]. 
In this work, according to Ref. [2], only drag force is considered in the motion equation and the one-
way coupling is employed. The equation of the particle motion is given by dup/dt=(u-up)/Ĳp. Here up is the 
particle velocity and the velocity response time Ĳp is given by Ĳp=(ȡpdp2)/(18ȝ), in which ȡp and dp are the 
density and diameter of the particle, ȝ is the viscosity of the air.  
The cellular automata (CA) probabilistic model is used to simulate the motion of the dispersed phase 
[9]. In the CA model, the particles move with probabilities from one node to its neighbour nodes along 
the grid. The probability of the particle moving from x to x+eiįt is given by pi=max[0, (įxp·eiįt/|eiįt|2)], 
i=1~4. Here įxp is the displacement of the particle calculated by the time integral of up in the particle 
motion equation [9]. Then the particle moves to the new location x(t+įt)= x(t)+ ȕ1e1+ȕ2e2+ȕ3e3+ȕ4e4, 
where ȕi is a Boolean quantity which equals 1 with probability pi. 
In the present work, the model based on the energy conservation is adopted to deal with the 
collision processes [2,10]. The restitution coefficient e can be calculated and the criterion for 
sticking can be expressed as e2<0. In this condition the restitution coefficient will not exist. The 
restitution coefficients calculated in the present work are compared with the results in Ref. [10]. The 
two results coincide well with each other. Meanwhile, the critical deposition velocity vcr when e=0 is 
calculated by the x-intercept of the curves. The deposition will occur only if vi,n< vcr. The relationship 
between vcr and the particle radius Rp is shown in Fig. 2. A linear relationship can be found between 
the logarithms of the two variables. The critical impact angle șcr is also an important criterion for the 
particle deposition. For particle sticking, the impact angle should be smaller than șcr and this 
criterion can be written as tanș=vi,t/vi,n<tanșcr 
In the LBM region, when the particle reaches the fouling layer during the simulation, both the 
criterions are used to determine whether the particle sticks or rebounds. When the deposition particle 
number reaches a critical deposition number ncr, the fluid node will be turned to solid. Therefore, the 
critical deposition number ncr can be used to control the growth rate of the fouling layer in the simulation. 
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3. Descriptions of the computational domain 
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Fig. 1 The restitution coefficients calculated in the present work 
compared with Ref. [10] 
Fig. 2 The critical deposition velocity for different particle radii 
The computational domain for the simulation of the fouling on a single row of tube is shown in Fig. 3. 
All the parameters used in the present work are given in Table 1. The diameter D of the tube is divided by 
60 grids. The domain is divided into the LBM region near the tube, the downstream FVM region and the 
overlapping region between them where both methods are adopted. The length of the LBM region is 430 
and that of the overlapping region is 30. Periodic boundary condition is used at the upper and lower 
boundary, and the zero gradient condition in x-direction is used at the outlet boundary. In the simulation, 
the inlet velocity uin is fixed as 0.005 in lattice units. The particles are injected into the domain with uin 
after certain time steps when the vortex downstream the tube is generated.  
Table 1 The parameters used in the simulation [10,11] 
Particle material K2SO4 Prandtl number of the air  0.695 
Density of the particle, ȡp 2665 kg/m3 Particle diameter 5~10 ȝm 
Young’s modulus 30×109 N/m2 Tube diameter, D 0.038 m 
Poisson’s ratio 0.3 Height of the computational domain  2D 
Yield stress 4.1×108 N/m2 Length of the computational domain 14D 
Work of adhesion 0.3 J/m2 Spanwise tube pitch 2D 
Mass proportionality factor 2 Inlet temperature 420K 
Friction coefficient, ȝ 0.2 Tube wall temperature 360K 
Critical impact value, tanșcr 6.88 Inlet velocity 5~10 m/s 
Viscosity of the air 24.87×10-6 m2/s Thermal conductivity of the air 0.03293 W/(m·K) 
Density of the air 0.9057 kg/m3 Thermal conductivity of the fouling layer 1.83 W/(m·K) 
4. Validation of the particle motion model and determination of the critical deposition number 
The particle deposition in a channel with a square cylinder is simulated to validate the particle motion 
model [12]. All the parameters and boundary conditions are the same with Ref. [12]. The Reynolds 
number is defined as Re = uinB/Ȟ and the Stokes number is defined by St = uinĲp/B, where B is the side 
length of the square. In the simulation, the Re is 200 and the St range from 10-3 to 10. The particles are 
injected from the inlet boundary in the projected area of the square. The particle deposition efficiencies at 
different St have the same trend with Ref. [12] as shown in Fig. 4. 
One difficulty of the particle deposition simulation is that the growth of the fouling layer experiences a 
long time scale compared with the time step in the simulation. In this section, we aim to find a proper ncr 
which can be used to get the shape of the fouling layer within a relatively short computational time. The 
inlet velocity uin is 5m/s and the particle diameter is 10ȝm. One particle is injected at each node of the 
inlet boundary every time step. The critical deposition number ncr is set as 2, 5, 10, 15 and 20. The 
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number of the fouling node is plotted against the LBM steps (tLBM) divided by ncr in Fig. 5. The curves of 
ncr=15 and ncr=20 have the same trend. Therefore, the ncr is chosen as 15. 
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Fig. 3 Computational domain of the fouling on a single row of tubes 
Fig. 4 The particle deposition efficiency of 
the present work and Ref. [12] 
5. Simulation of the fouling process 
The fouling process on a single row of tubes is simulated by the method described above. The 
diameters of the particle are 5ȝm, 10ȝm and the inlet velocities are 5m/s, 10m/s. In order to compare the 
results of different inlet velocities, the tLBM is rescaled by the ratio of the time scales. In this work, tLBM 
for 10m/s are multiplied by 2. The number of the fouling node along with tLBM is shown in Fig. 6. We can 
see that the small radius of the particle and the small inlet velocity tend to make deposition more rapidly. 
This can be explained by the critical deposition velocity vcr. Particles with small diameters have relatively 
large vcr, and the small inlet velocity leads to small impact velocity when the particle reach the fouling 
layer. Therefore, the particle is more possible to deposit. The deposition rate of the dp=5ȝm, uin=10m/s 
and dp=10ȝm, uin=5m/s are similar. According to Fig. 2, vcr is nearly inversely proportional to the 
diameter, so vcr of the 5ȝm particle is about twice the vcr of the 10ȝm particle. The ratio of vcr is similar to 
the ratio of the inlet velocity. Therefore, the deposition rates of the two cases are similar.  
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Fig. 5 Number of the fouling node along with tLBM/ncr for 
different ncr 
Fig. 6 Number of the fouling node along with tLBM for different 
particle diameters and inlet velocities 
In Fig. 7, the shape of the fouling layer and the streamlines for uin=5m/s, dp=5ȝm at four different 
times are shown. On the leeward side of the tube, the vortices bring the particles back to the leeward 
surface and the fouling occurs on the entire half circle. If we consider the windward stagnation point as 0°, 
the primary vortex formed right behind the tube dominates the fouling layer growth in the direction of 
180°. As shown in Fig. 7 (b) and (c), the secondary vortices formed in about 135° and 225° cause the 
growth in these two directions. The leeward fouling layer finally forms a concave shape as Fig. 7(d) and 
continues to grow. On the windward side of the tube, the particles deposit directly and a cone shape 
fouling layer emerges. However, when the cone shape has fully developed, the air will make the particles 
move around the windward side and the deposition on the windward stops. Therefore, the deposition rate 
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will decrease when the windward deposition stops, as shown in Fig. 6. The deposition processes for 
uin=10m/s, dp=5ȝm and uin=5m/s, dp=10ȝm are shown in Fig. 8 and Fig. 9. The trends of the deposition 
on the windward and leeward sides are similar to Fig. 7. However, the deposition areas on the windward 
side are narrower and the deposition rates are smaller. Meanwhile, comparing Fig. 8 with Fig. 9, the 
development of the windward fouling is more rapid for uin=5m/s, dp=10ȝm, which causes a higher 
deposition rate in the beginning in Fig. 6. However, the 5ȝm particles are easier to be carried back by the 
vortices, so the deposition on the leeward side for 5ȝm particle is more rapid. This explains the 
intersection of the two curves in Fig. 6. The simulation result is compared with a real fouling layer on a 
tube. The microscopic figure of the fouling layer is obtained by a scanning electron microscope as shown 
in Fig. 10. The diameter of the particle is about 3ȝm. The simulation result of the fouling layer is 
compared with the picture of the real fouling layer in Fig. 11. The simulation result of the leeward side 
fouling coincides well with the real picture. However, few depositions occur on the windward side in 
practice, which is contradiction to the simulation. In practice, the windward fouling can be wiped away by 
the collisions with the bigger particles, which are not considered in the simulation. Therefore, further 
simulations including the particle separations are needed. 
    
(a) tLBM=4.12×105 (b) tLBM=7.36×105 (c) tLBM=15.28×105 (d) tLBM=22.84×105 
Fig. 7 The shape of the fouling layer and the streamlines for uin=5m/s, dp=5ȝm 
    
(a) tLBM=3.2×105 (b) tLBM=8.24×105 (c) tLBM=19.76×105 (d) tLBM=44.96×105 
Fig. 8 The shape of the fouling layer and the streamlines for uin=10m/s, dp=5ȝm 
   
(a) tLBM=2.68×105 (b) tLBM=5.2×105 (c) tLBM=19.6×105 
Fig. 9 The shape of the fouling layer and the streamlines for uin=5m/s, dp=10ȝm 
  
Fig. 10 SEM figure of the fouling layer  Fig. 11 Simulation results of the fouling layer compared with practical picture 
6. Conclusions 
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In this paper, a coupling method between MRT-LBM and FVM is used to simulate the fouling process 
on a single row of tubes. The particle motion is simulated by the CA model, and the deposition process 
around the tubes is simulated by MRT-LBM. The restitution coefficient calculated by the energy balance 
and the critical impact angle is used as the criterion for particle deposition. The deposition processes for 
5ȝm, 10ȝm particles with inlet velocity 5m/s and 10m/s are simulated by the method. The results show 
that the particle with small diameter and inlet velocity tends to deposit more rapidly. The vortices behind 
the tubes bring the particles back to the leeward side of the tube, and a concave shape fouling continues 
growing on the entire half of the tube. A cone shape fouling layer forms on the windward side of the tube. 
The cone shape changes the air flow and stops the deposition on the windward side. The simulation 
results shows that the coupling method is suitable for studying the fouling process on the tubes.  
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